Abstract -We study the performance limits of a radio system consisting of a transmitter with t antennas and a receiver with r antennas over a block-fading additive white Gaussian noise channel. We derive the optimal coding scheme minimizing the information outage probability and analyze its performance in terms of outage probability and delay-limited capacity. We show that, asymptotically, the delay-limited capacity grows linearly with m¸min(t, r) and is almost independent of the number of fading blocks M which implies the existence of a trade-off between spatial (multiple antennas) and time diversity (interleaving).
Following a standard approach [6] , we obtain a more convenient equivalent model for (1) from the SVD decomposition A k = U k S k V † k [3] (U k and V k are unitary matrices and the main diagonal of S k contains the singular values of A k , i.e., the square roots of the strictly positive eigenvalues of A k A † k , namely, λ 
This model is equivalent to (1) since z k [n] ∼ AE c (0, I) and
, so that any constraint on x k [n] is mapped to the same constraint on
Ergodic capacity. We assume finite block length N
is an asymptotically ergodic process and, with perfect CSIR, the capacity is independent of N [4] and given by [6] :
i) With perfect CSIR and no CSIT,
ii) With perfect CSIR and CSIT, 
With perfect CSIT, the transmitter can distribute the available power in order to minimize the information outage probability [5] 
This is obtained under a constraint on the transmitted power which may be a short-term or long-term constraint. The former is the mean SNR over a frame of M blocks:
The latter is given by
and allows the transmitter to allocate more or less power to different code words to compensate channel fading while keeping the mean value bounded in the long term (with ergodic fading). Plainly, the long-term constraint is weaker than the short-term constraint since (7) implies (8).
The minimum outage probability is closely related to the capacity of the BF-AWGN channel. This capacity, under a delay constraint, has been called delay-limited capacity in [7] . The delay-limited capacity of an M -block t × r BF-AWGN channel is given by
where the supremum is over all Γ(Λ) satisfying the power constraint (7) or (8) and the infimum is over all nonnegative Λ. An equivalent definition is given by the following Proposition. This is a coding theorem deriving from [1, Prop. 2] by observing that the equivalent vector channel (2) can be seen as a scalar channel with M m fading blocks. Proposition 2. The maximum -achievable rate of a t × r BF-AWGN channel subject to a short-term (resp., longterm) power constraint is given by
where the supremum is, again, over all Γ(Λ) satisfying the power constraint (7) or (8). The delay-limited capacity (9) is given by C delay (Γ) = lim ↓0 C (Γ).
II. Minimum outage probability
Since the vector BF-AWGN channel is equivalent to a scalar BF-AWGN channel as described by (2) with M m blocks and fading power gains λ k,i , Propositions 3 and 4 of [1] apply almost unchanged and solve the problem of minimizing the information outage probability with a short-term (resp., long-term) power constraint. They are given as follows.
Proposition 3. The outage probability (6) under the constraint (7) is minimized for
Γ = Γ(Λ) = Γ st (Λ) if Λ ∈ Ê on (R, Γ) G(Λ) if Λ / ∈ Ê on (R, Γ)(11)
i) G(Λ) can be any function from
where ξ st (Λ) satisfies (7) with equality.
iii) Ê on (R, Γ) is the power-on region defined as
£ Proposition 4. The outage probability (6) under the constraint (8) is minimized for
where
where ξ lt (Λ) satisfies (8) with equality.
ii) Ê on (R, s * ) is the power-on region defined as
where s * > 0 is the value of Γ satisfying (8) with equality.
£
Remark. Proposition 4 aplies only when the fading distribution is continuous. Otherwise, the optimal Γ is a random function of Λ (see [1] for further details). The shape of the power-on region is illustrated in Figure 1 x k [n], the optimal codeword is given by the segments
where γ k,i are the components of Γ(Λ).
III. Asymptotic results
The following asymptotic result is stated here without proof for the sake of brevity.
Proposition 5. The delay-limited capacity of a t × r BF-AWGN channel with optimal power control under a longterm power constraint (Proposition 4) is given by
Numerical results are reported in Figures 2 and 3 . These figures plot the delay-limited capacity versus SNR (Γ) of the t × t independent Rayleigh BF-AWGN channel for t = 2, 4, 8, and 16 with M = 1 and 4, respectively, optimal power control and a long-term constraint. For comparison, the capacity of the t × t AWGN channel C AWGN = log 2 (1 + t 2 Γ) [6] is reported as well. It can be noted that the capacity curves of the BF-AWGN channel with optimal power control have a higher slope (by a factor of t) than the curves corresponding to the AWGN channel, confirming the statement in Proposition 5. Moreover, there is no noticeable difference between the case M = 1 and M = 4 which confirms the expected trade-off between spatial and time diversity. 
